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Introduction: 

Invasion  of  cells  from  one  tissue  to  a  neighboring  tissue  has  been  observed  both  in  physiological 
processes,  such  as  organ  development  and  wound  healing,  and  pathological  processes,  such  as  breast  cancer 
metastases.  Physiological  invasion  is  thought  to  be  tightly  controlled.  The  regulatory  mechanism  of 
physiological  invasion  may  be  lost  in  pathologic  states,  particularly  in  malignant  progression,  resulting  in 
uncontrolled  invasion.  Degradation  of  extracellular  matrix  (ECM)  and  cell  migration  are  two  key  events  for 
cellular  invasion.  Proteases  and  protease  inhibitors  are  implicated  in  cellular  invasion  due  to  their  potential 
roles  in  localized  degradation  of  ECM  and  in  the  activation  of  latent  growth/motility/angiogenesis  factors,  such 
as  hepatocyte  growth  factor  (HGF)/scatter  factor  (SF).  HGF/SF  is  a  major  regulatory  molecule  for  epithelial 
cell  migration.  HGF/SF  and  most  ECM-degrading  protease  systems,  such  as  the  uPA  system  and  the  matrix 
metalloproteases  are,  however,  expressed  in  vivo  by  the  stromal  elements  of  human  breast  cancer.  Therefore, 
breast  cancer  cell  invasion  has  been  proposed  to  be  a  collaboration  between  epithelial  cancer  cells  and  stromal 
cells.  In  order  to  understand  the  role  of  epithelial  cells  in  cellular  invasion,  we  have  characterized  an  epithelial- 
derived,  breast  cancer-associated,  integral  membrane,  trypsin-like  serine  protease,  termed  matriptase  (1). 
Matriptase  has  been  demonstrated  to  activate  uPA  and  HGF/SF  (2).  These  observations  suggest  that  matriptase 
could  act  as  a  cell  surface  activator  to  recruit  and  activate  stromal-derived  ECM-degrading  proteases  and 
motility  factors.  Furthermore,  activation  of  matriptase  in  nontumorogenic  human  mammary  epithelial  cells 
(HMEC)  seems  to  be  tightly  regulated  by  bioactive  lipids,  mainly  sphingosine  1-phosphate  (SIP)  (3,4). 
Surprisingly,  this  SIP-based,  physiological  regulatory  mechanism  may  be  lost  during  breast  cancer  progression 
(5).  In  the  current  research  plan,  we  proposed  to  study  the  role  of  SIP  receptors  in  matriptase  activation  and  the 
structural  requirements  for  the  activation  of  matriptase. 

Body: 

During  the  June  03-May  04  period,  we  had  addressed  Aim  1  of  the  original  proposal.  We  have  produced  mAb 
directed  against  EDG  1  receptor  and  in  the  process  to  produce  mAbs  against  EDG  3  and  EDG  5.  The 
mechanistic  study  on  how  sphingosine  1 -phosphate  (SIP)  induces  matriptase  activation  in  mammary  epithelial 
cell  went  very  well  in  the  past  year.  These  works  have  been  published  in  American  Journal  Physiology-Cell 
Physiology  (286:  Cl  159-C1 169,  2004).  We  report  here  with  these  works.  Please  refer  to  the  attached  reprint 
for  the  Figures. 

Aim  1:  To  investigate  how  sphingosine  1 -phosphate  (SPP)  induces  activation  of  matriptase  in  non-malignant 
mammary  epithelial  cells. 

Year  2:  We  will  finish  expression  analyses  of  EDG  receptors  in  mammary  epithelial  cells  and  breast  cancer 
cells  in  Aim  1  and  begin  to  prepare  EDG  receptor  proteins  as  immunogens  to  produce  antibodies  directed 
against  these  EDG  receptors. 

SIP  induces  accumulation  of  matriptase  at  cell-cell  contacts--  In  our  previous  studies  (1;2),  sphingosine  1- 
phosphate  (SIP),  a  lysophospholipid  present  in  serum,  was  identified  as  a  blood-borne,  non-protease  factor  that 
induces  the  activation  of  matriptase  in  immortal  human  mammary  epithelial  cells.  SIP  also  simultaneously 
causes  profound  changes  in  cell  morphology,  including  cell  shape  changes,  increases  in  cell-cell  contacts,  and 
cell  spreading.  These  SIP-induced  morphological  changes  are  mainly  associated  with  actin  cytoskeleton 
rearrangement.  Formation  of  F-actin  at  cell  peripheries  (subcortical  actin  belt)  is  the  most  striking  change  in 
184  A1N4  cells.  Because  direct  interaction  between  SIP  and  matriptase  is  not  the  mechanism  for  SIP-induced 
matriptase  activation,  we  reasoned  that  matriptase  activation  could  be  associated  with  these  SIP-induced 
cellular  events  and/or  signal  transduction  (1).  In  the  current  study,  we  first  examined  the  subcellular 
localization  of  matriptase  during  the  process  of  its  activation.  After  growth  in  IMEM-  supplemented  with  0.5% 
serum  for  2  days,  matriptase  (as  the  latent  form)  was  observed  at  cell-cell  contacts  as  well  as  within  cells  (Figs, 
la  and  2b;  in  the  attached  paper).  A  relatively  low  level  of  F-actin  was  also  observed  at  cell-cell  borders  and 
within  cells  (Fig.  lb).  Ten  min  after  exposure  to  SIP,  matriptase  increased  at  cell-cell  contacts  (Figs.  Id  and 
2e),  suggesting  that  SIP  induces  accumulation  of  matriptase  at  cell-cell  contacts.  In  spite  of  accumulation  of 
matriptase  at  cell-cell  contacts,  matriptase  was  observed  at  very  low  levels  or  was  absent  at  the  peripheries  of 
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cells  without  contact  with  neighboring  cells  (Fig.  Id).  Figure  lg  shows  that  matriptase  is  absent  on  the 
extended,  leading  edge  ruffle  of  an  isolated  cell,  but  matriptase  was  seen  at  small  contact  sites  on  cell 
peripheries  touched  by  long  cellular  processes  of  other  cells  (Figs,  lg  and  li).  These  results  suggest  that  cell¬ 
cell  contact  may  be  required  for  matriptase  to  stably  reside  on  the  cell  surface.  A  parallel  change  in  actin 
cytoskeletal  structure  was  also  observed  in  response  to  SIP  treatment  (Figs. lb,  le,  lh,  3b,  and  3e).  Formation 
and  accumulation  of  actin  filaments  were  observed  at  cell  peripheries,  mainly  at  cell-cell  contacts.  The 
localization  of  matriptase  at  cell-cell  contacts  closely  coincided  with  that  of  F-actin  (Figs,  lc,  If,  and  li). 

The  kinetics  of  matriptase  activation  at  cell-cell  contacts--  We  further  examined  the  appearance  and  the 
localization  of  activated  matriptase  relative  to  total  matriptase  (Fig.  2)  and  to  F-actin  (Fig.  3)  in  184  A1N4  cells 
at  different  time  intervals,  following  exposure  to  SIP.  After  growth  in  0.5%  serum  for  two  days,  184  A1N4 
cells  do  not  express  activated  matriptase  (1-3).  Immunofluorescence,  using  mAb  M69  that  recognizes  two- 
chain  matriptase,  showed  only  non-specific  staining,  with  weak  diffuse  staining  in  the  cytosol  (Fig.  2a),  as  seen 
in  the  control  with  FITC-labeled  secondary  antibody  alone  (data  not  shown).  Ten  min  after  exposure  to  SIP, 
activated  matriptase  was  detected  mainly  as  tiny  spots  (Fig.  2d)  and  the  total  matriptase  accumulated  at  cell-cell 
contacts  (Fig.  2e).  When  both  images  were  merged,  activated  matriptase  was  clearly  colocalized  with  total 
matriptase  at  cell-cell  contacts.  At  20  and  30  min,  activated  matriptase  was  detected  more  brightly  and  in 
elongated  patterns  (Figs.  3a  and  3d).  When  comparing  the  localization  of  activated  matriptase  with  the  newly 
formed  F-actin  at  the  cell  peripheries,  activated  matriptase  closely  coincided  with  F-actin  at  cell-cell  contacts 
(Figs.  3c  and  3f).  We  also  noticed  that  subcortical  actin  belts  were  not  homogenously  formed  around  the 
periphery  of  cells.  More  F-actin  accumulated  at  the  edges  of  cell-cell  contacts  (Figs.  3b  and  3e).  Interestingly, 
activated  matriptase  was  detected  right  at  those  areas  where  F-actin  accumulated  the  most  (Figs.  3c  and  3f).  At 
30  min,  the  staining  of  activated  matriptase  elongated  along  cell-cell  contacts  (Fig.  3d),  and  more  F-actin 
accumulated  at  the  cell  peripheries  (Fig.  3e).  Additionally,  activated  matriptase,  like  total  matriptase,  was  only 
detected  at  sites  of  cell-cell  contacts,  for  example  in  cell  clusters  (Figs.  2  and  3)  or  between  two  cells  (Fig.  3g). 

SIP  induces  assembly  of  adherens  junctions  in  mammary  epithelial  cells — Because  formation  of 
subcortical  actin  belts  at  adherens  junctions  is  induced  by  E-cadherin-mediated  cell-cell  contact  formation  (4), 
and  because  the  role  of  SIP  in  adherens  junction  assembly  has  been  well  documented  in  endothelial  cells  (5), 
we  further  investigated  whether  SIP  also  can  induce  adherens  junction  assembly  in  mammary  epithelial  cells 
and  whether  the  SIP-induced  accumulation  of  matriptase  at  cell-cell  contacts  depends  on  adherens  junction 
assembly.  Given  that  extracellular  Ca++  is  required  for  the  homotypic  binding  between  cadherin  molecules  on 
adjacent  cells,  we  modulated  the  availability  of  extracellular  Ca++,  in  combination  with  SIP,  to  investigate 
whether  SIP  can  induce  assembly  of  adherens  junctions.  184  A1N4  cells  were  first  cultured  in  regular, 
calcium-containing  (1.8  mM)  medium,  supplemented  with  0.5%  serum  for  two  days.  After  switching  the  cells 
to  calcium-free  medium  for  30  min,  E-cadherin  was  detected  as  diffuse  pattern  in  cytosol,  and  the  subcortical 
actin  belt  was  not  observed  (Fig.  4A).  By  increasing  extracellular  Ca++  to  1000  pM,  in  the  absence  of  SIP,  the 
subcortical  actin  belt  and  E-cadherin  began  to  appear  at  the  sites  of  cell-cell  contact,  but  in  very  low  levels  (Fig. 
4A).  We  next  exposed  these  cells  to  SIP  for  30  min.  In  the  absence  of  extracellular  Ca++,  SIP  caused  some 
rounding  of  cells  (Fig.  4B).  Likewise,  there  was  no  translocation  of  E-cadherin  to  cell-cell  contacts,  nor 
formation  of  subcortical  actin  belts  (Fig.  4B).  By  increasing  extracellular  Ca++  to  100  and  1,000  pM,  SIP 
induced  to  a  greater  extent,  translocation  of  E-cadherin  to  cell-cell  contacts  and  the  formation  of  subcortical 
actin  belts  (Fig.  4B).  While  low  levels  of  E-cadherin  were  seen  at  the  cell-cell  contacts  when  184  A1N4  cells 
were  grown  in  media  containing  adequate  extracellular  Ca++,  in  the  absence  of  SIP,  these  cell-cell  adhesion  E- 
cadherin  failed  to  resist  the  extraction  of  cells  with  a  cytoskeletal  stabilizing  buffer  containing  0.5%  Triton  X- 
100  (Fig.  5).  In  contrast,  SIP  induced  assembly  of  strong  adherens  junctions,  which  were  resistant  to  a  wash 
with  0.5%  Triton  X-100  (Fig.  5).  These  data  suggest  that  SIP  can  induce  adherens  junction  assembly  in 
mammary  epithelial  cells,  as  it  does  in  endothelial  cells.  In  contrast  to  E-cadherin,  although  matriptase 
accumulated  at  cell-cell  contacts  in  response  to  SIP  treatment,  the  protease  was  washed  away  by  0.5%  Triton 
X-100  (Fig.  5).  These  observations  suggest  that  while  matriptase  localization  was  coincident  with  that  of  E- 
cadherin,  at  cell-cell  contacts,  the  protease  may  not  be  incorporated  into  the  tightly,  bound  E-cadherin  plaques. 
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Adherens  junction  assembly  and  subcortical  actin  belt  formation  are  required  for  matriptase 
accumulation  and  activation  at  cell-cell  contacts —  The  concurrence  of  matriptase  accumulation  and 
activation  at  cell-cell  contacts,  adherens  junction  assembly,  and  subcortical  actin  belt  formation  suggests  a 
potential  functional  relationship  between  both  SIP-induced  events.  Therefore,  we  further  investigated  whether 
prevention  of  subcortical  actin  belt  formation,  by  disruption  of  F-actin  polymerization,  and  prevention  of 
adherens  junction  assembly,  by  preventing  homotypic  binding  of  E-cadherin,  each  affect  the  accumulation  and 
activation  of  matriptase.  The  pharmacological  agents  latrunculin  B  and  cytochalasin  D,  (which  can  inhibit  actin 
polymerization  and  disrupt  microfilament  organization),  abolished  SIP-induced  activation  of  matriptase  (Fig.  6). 
Both  latrunculin  B  (Fig.  6,  lanes  2  and  3)  and  cytochalasin  D  (Fig.  6,  lane  7),  but  not  nocodazole  (Fig.  6,  lane  5), 
(an  inhibitor  of  microtubule  polymerization),  completely  inhibited  SIP-induced  matriptase  activation. 
Immunofluorescent  staining  further  revealed  that  cytochalasin  D  (Fig.  7)  and  latrunculin  B  (data  not  shown) 
prevented  not  only  formation  of  subcortical  actin  belt  and  assembly  of  adherens  junction,  but  also  accumulation 
of  matriptase  to  cell  peripheries. 

We  further  modulated  the  availability  of  extracellular  Ca++,  in  combination  with  SIP,  to  examine  the 
effects  of  adherens  junction  assembly  on  matriptase  accumulation  at  cell-cell  contacts.  When  184  A1N4  cells 
were  cultured  in  medium  containing  10  pM  Ca++,  SIP  failed  to  induce  translocation  and  accumulation  of 
matriptase  at  cell-cell  contacts,  nor  p-catenin,  an  adherens  junction  marker  protein  (Fig.  8).  By  increasing 
extracellular  Ca++  to  1000  pM,  in  the  absence  of  SIP,  low  levels  of  matriptase  and  P-catenin  were  observed  at 
cell-cell  contacts.  When  exposing  these  cells  to  SIP,  both  matriptase  and  P-catenin  significantly  accumulated  at 
cell-cell  contacts  (Fig.  8).  In  addition  to  preventing  the  accumulation  of  matriptase  to  cell-cell  contacts, 
removal  of  extracellular  Ca++was  showed  to  abrogate  SIP-induced  matriptase  activation  (1).  These  data 
suggest  that  SIP-induced  assembly  of  adherens  junctions  is  required  for  SIP-induced  accumulation  and 
activation  of  matriptase  at  cell-cell  contacts. 

Monoclonal  antibody  M32,  which  is  directed  against  matriptase  LDLR  class  A  domain  III,  inhibits  SIP- 
induced  matriptase  activation,  but  not  SIP-induced  actin  cytoskeletal  rearrangement-  In  our  previous 
study,  the  intact  LDLR  class  A  domains  of  matriptase  were  shown  to  be  required  for  matriptase  activation  in 
breast  cancer  cells  (6).  This  observation  is  consistent  with  the  hypothesis  that  matriptase  activation  is  carried 
out  by  transactivation,  which  could  require  complex  protein-protein  interactions  among  matriptase  zymogens 
and  other  unidentified  molecules.  Alterations  at  the  calcium  cages  in  LDLR  class  A  domains  of  matriptase  by 
site-directed  point  mutation  abolished  matriptase  activation  in  breast  cancer  cells  (6).  Interestingly,  this 
alteration  in  LDLR  class  A  domain  III  also  destroyed  the  epitope  recognized  by  the  anti-matriptase  mAb  M32 
(Fig.  9).  Therefore,  we  further  tested  whether  this  anti-matriptase  mAb  could  inhibit  SIP-induced  matriptase 
activation  and  SIP-induced  actin  cytoskeletal  rearrangement  in  immortal  mammary  epithelial  cells. 

Pretreatment  of  184  A1N4  cells  with  mAb  M32  for  1  hr  clearly  showed  inhibition  of  SIP-induced  matriptase 
activation  (Fig.  10,  g).  This  inhibition  of  SIP-induced  matriptase  activation  by  mAb  M32  could  result  from  the 
potential  inhibitory  activity  of  matriptase  transactivation.  Alternatively,  pretreatment  of  mAb  M32,  which 
could  bind  to  the  matriptase  on  the  cell  surfaces  before  SIP  treatment  (Figs,  la,  2b,  and  8),  could  cause 
internalization  of  matriptase,  and  thus  may  interfere  with  its  later  accumulation  induced  by  SIP  treatment,  as 
matriptase  was  seen  as  punctate,  following  SIP  treatment  (Fig.  10,  d).  In  contrast  to  the  inhibition  of  matriptase 
activation,  anti-matriptase  mAb  M32  did  not  affect  the  formation  of  subcortical  actin  belts  (Fig.  10,  e  and  h). 
These  results  suggest  that  while  actin  cytoskeletal  rearrangement  is  required  for  SIP-indcued  matriptase 
activation,  matriptase  activity  is  not  important  for  SIP-induced  actin  cytoskeletal  rearrangement. 
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Key  research  accomplishments: 

We  showed  that  SIP  induces  matriptase  translocation  to  cell-cell  contacts  where  activation  occurs.  We  further 
showed  that  both  matriptase  translocation  and  activation  depend  on  the  assembly  of  adherens  junctions  and 
formation  of  subcortical  actin  belts  in  response  to  SIP  exposure.  Disruption  of  subcortical  actin  belt  formation 
and  prevention  of  adherens  junction  assembly  led  to  prevention  of  accumulation  and  activation  of  the  protease 
at  cell-cell  contacts.  We  also  used  mAb  M32,  directed  against  one  of  the  LDL  receptor  class  A  domains  of 
matriptase,  to  block  SIP-induced  activation  of  matriptase. 

Reportable  outcomes: 
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2.  Oberst,  M.D.,  Williams,  C.,  Johnson,  M.D.,  Dickson,  R.B.,  and  Lin,  C.-Y.  (2003)  The  activation  of 
matriptase  requires  its  noncatalytic  domains,  serine  protease  domain,  and  its  cognate  inhibitor.  J.  Biol.  Chem. 
278:26773-26779. 
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Conclusion: 

The  activation  of  matriptase  requires  proteolytic  cleavage  at  a  canonical  activation  motif  that  converts  the 
enzyme  from  a  one-chain  zymogen  to  an  active,  two-chain  protease.  This  activating  cleavage  occurs  via  a 
transactivation  mechanism  where  interaction  between  matriptase  zymogen  molecules  leads  to  activation  of  the 
protease.  Accumulation  of  matriptase  at  cell-cell  contacts  apparently  provides  required  physical  contacts  for 
matriptase  zymogens  and  other  required  proteins  for  the  proceeding  of  matriptase  activation.  The  coupling  of 
matriptase  activation  to  adherens  junction  assembly  and  actin  cytoskeletal  rearrangement  may  serve  to  ensure 
tight  control  of  matriptase  activity,  restricted  to  cell-cell  junctions  of  mammary  epithelial  cells. 
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Hung,  Ruei-Jiun,  Ia-Wen  J.  Hsu,  Jennifer  L.  Dreiling,  Mon- 
Juan  Lee,  Cicely  A.  Williams,  Michael  D.  Oberst,  Robert  B. 
Dickson,  and  Chen-Yong  Lin.  Assembly  of  adherens  junctions  is 
required  for  sphingosine  1 -phosphate-induced  matriptase  accumula¬ 
tion  and  activation  at  mammary  epithelial  cell-cell  contacts.  Am  J 
Physiol  Cell  Physiol  286:  C1159-C1169,  2004;  10.1 152/ajpcell. 
00400.2003. — Sphingosine  1-phosphate  (SIP),  a  bioactive  phospho¬ 
lipid,  simultaneously  induces  actin  cytoskeletal  rearrangements  and 
activation  of  matriptase,  a  membrane-associated  serine  protease  in 
human  mammary  epithelial  cells.  In  this  study,  we  used  a  monoclonal 
antibody  selective  for  activated,  two-chain  matriptase  to  examine  the 
functional  relationship  between  these  two  SIP-induced  events.  Ten 
minutes  after  exposure  of  184  A1N4  mammary  epithelial  cells  to  SIP, 
matriptase  was  observed  to  accumulate  at  cell-cell  contacts.  Activated 
matriptase  first  began  to  appear  as  small  spots  at  cell-cell  contacts,  and 
then  its  deposits  elongated  along  cell-cell  contacts.  Concomitantly, 
SIP  induced  assembly  of  adherens  junctions  and  subcortical  actin 
belts.  Matriptase  localization  was  observed  to  be  coincident  with 
markers  of  adherens  junctions  at  cell-cell  contacts  but  likely  not  to  be 
incorporated  into  the  tightly  bound  adhesion  plaque.  Disruption  of 
subcortical  actin  belt  formation  and  prevention  of  adherens  junction 
assembly  led  to  prevention  of  accumulation  and  activation  of  the 
protease  at  cell-cell  contacts.  These  data  suggest  that  SIP-induced 
accumulation  and  activation  of  matriptase  depend  on  the  S  IP-induced 
adherens  junction  assembly.  Although  MAb  M32,  directed  against 
one  of  the  low-density  lipoprotein  receptor  class  A  domains  of 
matriptase,  blocked  SIP-induced  activation  of  the  enzyme,  the  anti¬ 
body  had  no  effect  on  SIP-induced  actin  cytoskeletal  rearrangement. 
Together,  these  data  indicate  that  actin  cytoskeletal  rearrangement  is 
necessary  but  not  sufficient  for  SIP-induced  activation  of  matriptase 
at  cell-cell  contacts.  The  coupling  of  matriptase  activation  to  adherens 
junction  assembly  and  actin  cytoskeletal  rearrangement  may  serve  to 
ensure  tight  control  of  matriptase  activity,  restricted  to  cell-cell 
junctions  of  mammary  epithelial  cells. 

serine  protease;  phospholipid;  actin 


matriptase  (also  known  as  TADG-15,  ST- 14,  MT-SP1,  and 
epithin),  is  a  membrane-associated,  multiple-domain  serine 
protease  that  contains  a  short  cytoplasmic  domain  at  the  amino 
terminus,  followed  by  a  putative  transmembrane  domain,  a 
sperm  protein,  enterokinase  and  agrin  (SEA)  domain,  two 
tandem  Clr/s,  Uegf,  and  bone  morphogenic  protein- 1  (CUB) 
domains,  four  tandem  low-density  lipoprotein  (LDL)  receptor 
(LDLR)  class  A  domains,  and  a  trypsinlike  serine  protease 
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domain  at  the  most  carboxy  terminus  (10,  16,  27,  28,  32). 
Matriptase  belongs  to  the  type  II  transmembrane  serine  pro¬ 
tease  family,  a  rapidly  expanding  serine  protease  subfamily 
with  a  putative  amino-terminal  transmembrane  domain  (8,  19). 
Matriptase  is  expressed  by  epithelial  elements  of  almost  all 
human  organs  examined  so  far  by  immunohistochemistry  with 
tissue  microarrays  (22).  The  pattern  of  matriptase  expression  in 
normal  tissues  suggests  that  matriptase  may  play  a  broad  role 
in  the  biology  of  surface-lining  epithelial  cells.  Recently, 
matriptase  ”/~  knockout  mice  showed  that  matriptase  was  es¬ 
sential  for  postnatal  survival.  The  postnatal  death  of  mice 
resulted  from  a  deficient  epidermal  barrier  function  in  the  skin 
of  newborn  matriptase^7”  mice  (18).  In  addition,  these  mice 
had  abnormal  hair  follicle  development  and  disturbed  thymic 
homeostasis,  as  indicated  by  increased  lymphocyte  apoptosis 
in  the  thymus  of  newborn  mice. 

In  addition  to  normal  tissues,  matriptase  is  also  expressed  in 
vivo  by  human  carcinomas  of  various  sites,  including  those  of 
the  breast,  ovary,  colon,  endometrium,  stomach,  and  prostate 
(20,  21,  25,  28).  Because  matriptase  is  able  to  activate  uroki¬ 
nase-type  plasminogen  activator  (uPA)  and  hepatocyte  growth 
factor  (HGF)/scatter  factor  in  vitro,  it  has  been  proposed  to 
play  an  important  role  in  cancer  invasion  and  metastasis,  which 
require  the  degradation  of  extracellular  matrix  and  enhanced 
cellular  motility  (14,  26).  In  addition,  tight  correlation  between 
the  expression  of  matriptase  and  its  HGF  substrate  as  well  as 
the  c-Met  receptor  was  observed  in  a  cohort  of  330  node- 
negative  breast  carcinomas  (9).  More  importantly,  high-level 
expression  of  the  c-Met  receptor,  matriptase,  and  matriptase 
cognate  inhibitor  HGF  activator  inhibitor  1  (HAI-1)  (15)  were 
associated  with  poor  patient  outcome  in  the  same  set  of 
node-negative  breast  carcinomas  (9). 

Matriptase  also  may  be  deregulated  at  its  activation  in 
human  breast  cancer  cells  (3).  Activation  of  matriptase,  which 
requires  cleavage  at  its  activation  motif  to  convert  a  single¬ 
chain  zymogen  to  the  two-chain  active  protease,  is  likely  to  be 
carried  out  by  a  transactivation  mechanism  (23),  an  alternative 
mechanism  whereby  latent  matriptase  zymogen  molecules  in¬ 
teract  with  each  other,  leading  to  the  activational  cleavage. 
Transactivation  of  serine  proteases  generally  occurs  for  the 
serine  proteases  at  the  pinnacle  of  protease  cascades  to  first 
generate  active  protease.  The  noncatalytic  domains  of 
matriptase,  particularly  its  LDLR  class  A  domains,  and  post- 
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translational  modifications,  such  as  amino-terminal  processing 
by  cleavage  at  Glyl49  within  the  SEA  domain  and  glycosyl- 
ation  at  the  first  CUB  domain  and  at  the  serine  protease 
domain,  are  required  for  matriptase  activation  (23).  These 
structural  requirements  for  matriptase  activation  could  reflect 
the  structural  basis  for  protein-protein  interactions  among 
matriptase  zymogens  and  other  proteins  required  for  transac¬ 
tivation  of  the  protease  (23).  Once  activated,  HAI-1  acts  to 
terminate  active  matriptase  to  avoid  undesired  proteolysis  of 
matriptase.  Subsequently,  matriptase-HAI-1  complexes  are 
shed  from  cell  surfaces  into  the  extracellular  milieu  (2).  Al¬ 
though  the  details  of  how  transactivation  occurs  remain  un¬ 
known,  deregulation  of  matriptase  transactivation  has  been 
observed  in  breast  cancer  cells  (3).  In  immortalized  mammary 
epithelial  cells,  matriptase  activation,  its  subsequent  inhibition 
by  HAI-1,  and  its  clearance  by  shedding  are  all  dependent  on 
the  presence  of  a  blood-borne  lipid  mediator,  sphingosine 
1 -phosphate  (SIP)  (2,  4).  The  SIP-dependent  activation  of 
matriptase  is,  however,  lost  in  breast  cancer  cells  (3). 

SIP  is  a  major  lipid  mediator  in  serum,  and  it  possesses 
growth  factor-like  activities.  SIP  induces  a  wide  spectrum  of 
biological  responses  in  a  variety  of  cell  types,  including  pro¬ 
liferation,  survival,  actin  cytoskeletal  rearrangement,  cell  shape 
changes,  contraction,  and  cellular  motility.  These  cellular  re¬ 
sponses  are  believed  to  involve  family  members  of  endothelial 
differentiation  gene  ( EDG )  receptors,  a  subfamily  of  G  protein- 
coupled,  heptahelical  membrane  receptors  and  their  intracellu¬ 
lar  downstream  effectors,  including  adenylate  cyclase,  Rho 
family  GTPases,  phospholipase  C,  protein  kinase  C,  MAP 
kinase,  and  phosphatidylinositol  3-kinase  (11,  13,  24,  29,  31). 
In  our  previous  study  (4),  matriptase  was  identified  as  a  unique 
extracellular  effector  of  SIP.  We  also  observed  that  SIP 
induces  prominent  actin  cytoskeletal  rearrangement  and  for¬ 
mation  of  subcortical  actin  belts,  which  are  likely  to  be  asso¬ 
ciated  with  assembly  of  adherens  junctions,  which  are  known 
to  require  extracellular  Ca2+  and  to  be  important  for  stable 
cell-cell  adhesion.  Because  direct  interaction  of  SIP  with 
matriptase  has  been  excluded  in  an  extracellular  Ca2+-depen- 
dent  activation  of  matriptase  (4),  we  now  propose  that 
matriptase  activation  could  be  an  indirect,  downstream  conse¬ 
quence  of  SIP-induced  cellular  responses.  In  this  study,  we 
investigated  the  functional  relationship  between  SIP-induced 
actin  cytoskeletal  rearrangement  and  matriptase  activation.  Our 
results  suggest  that  in  immortalized  mammary  epithelial  cells, 
SIP-induced  matriptase  accumulation  at  cell-cell  contacts  de¬ 
pends  on  SIP-induced  adherens  junction  assembly  and  subcor¬ 
tical  actin  belt  formation,  a  mechanism  that  may  ensure  that 
matriptase  functions  only  at  cell-cell  contacts. 

MATERIALS  AND  METHODS 

Chemicals  and  reagents.  4\6-Diamidino-2-phenylindole  (DAPI) 
was  obtained  from  Sigma  (St.  Louis,  MO).  Formaldehyde  solution 
was  obtained  from  EM  Science  (EM  Industries,  Bibbstown,  NJ). 
Latrunculin  B,  cytochalasin  D,  and  nocodazole  were  obtained  from 
Biomol  (Plymouth  Meeting,  PA).  All  other  chemical  reagents  were 
purchased  from  Sigma  unless  otherwise  specified. 

Cell  lines  and  culture  conditions.  Immortalized  184  A1N4  human 
mammary  epithelial  cells  (provided  by  Martha  Stampfer,  Lawrence 
Berkeley  National  Laboratory,  Berkeley,  CA)  were  maintained  as 
previously  described  (2).  BT549  human  breast  cancer  cells  were 
maintained  in  culture  by  growth  in  Iscove’s  minimal  essential  medium 


(IMEM;  Invitrogen,  Rockville,  MD)  supplemented  with  5%  FBS  in  a 
humidified  chamber  at  37°C  and  5%  CO2. 

Monoclonal  antibodies.  Matriptase  protein  was  detected  with  the 
M32  monoclonal  antibody  (MAb)  that  recognizes  both  the  latent  (1 
chain)  and  activated  (2  chain)  forms  of  the  protease  or  with  the  M69 
monoclonal  antibody  that  recognizes  an  epitope  present  only  in  the 
activated  (2  chain)  form  of  the  enzyme  (2,  4).  MAb  M32  recognizes 
a  70-kDa  processed  form  and  the  120-kDa  matriptase-HAI-1  com¬ 
plex;  M32  also  recognizes  the  95-kDa  full-length  matriptase,  which 
was  barely  detectable  in  those  cells  endogenously  expressing  the 
protease  but  becomes  prominent  in  those  cells  that  were  used  for 
overexpression  of  matriptase  (23).  We  have  also  found  that  the 
epitope  against  which  MAb  M32  is  directed  is  destroyed  by  a  point 
mutation  in  LDLR  class  A  domain  III  (see  Fig.  9).  Therefore,  MAb 
M84,  which  is  directed  against  the  serine  protease  domain  of 
matriptase,  was  used  in  Fig.  9  to  show  the  expression  of  matriptase 
mutants.  Anti-E-cadherin  MAb  (clone  36)  and  FITC-labeled  anti-p- 
catenin  MAb  (clone  14)  were  purchased  from  BD  Bioscience. 

Labeling  MAbs  with  fluorescent  dyes.  To  label  MAbs  with  fluo¬ 
rescent  dyes,  1  mg  each  of  MAbs  M32  and  M69  were  solubilized  in 
0.1  M  sodium  bicarbonate  and  then  labeled  with  Alexa  Fluor  488  or 
Alexa  Fluor  594  (Molecular  Probes,  Eugene,  OR),  according  to  the 
manufacturer’s  instructions.  The  unbound  Alexa  Fluor  dyes  were 
removed  by  dialysis  against  PBS.  The  ratios  of  mole  of  dye  per  mole 
of  IgG  were  determined  to  be  ~2.5-3.5  for  Alexa  Fluor  488  and  5-6 
for  Alexa  Fluor  594. 

Constructs  and  transfections.  The  cDNA  clones  for  the  HAI-1, 
wild-type  matriptase,  or  matriptase  mutants,  bearing  point  muta¬ 
tions  at  the  calcium  cages  of  LDLR  class  A  domains  (23),  in  the 
vector  pcDNA3.1  (Invitrogen,  Carlsbad,  CA)  were  used  in  tran¬ 
sient  transfections.  Transient  transfection  of  matriptase  or  HAI-1 
constructs  was  accomplished  by  using  Fugene  6  transfection  re¬ 
agent  (Roche  Diagnostics,  Indianapolis,  IN)  according  to  the 
manufacturer’s  protocol.  When  cotransfections  were  conducted, 
the  amount  of  DNA  used  with  the  transfection  reagent  was  kept 
constant  for  each  individual  transfection  by  including  empty  vector 
pcDNA3.1  DNA  where  appropriate. 

Western  blotting.  Protein  for  Western  blotting  was  prepared  by 
the  lysis  of  cells  in  1%  Triton  X-100  in  PBS  or  RIPA  buffer  (0.1% 
Nonidet-P40,  0.5%  sodium  deoxycholate,  0.1%  SDS  in  PBS),  after 
washing  cells  two  times  in  PBS.  Insoluble  debris  was  removed  by 
centrifugation,  and  the  protein  concentration  was  measured  with 
bicinchoninic  acid  protein  assay  reagents  (Pierce,  Rockford,  IL) 
according  to  the  manufacturer’s  protocol.  Lysates  were  resolved  by 
SDS-PAGE  under  nonboiled  and  nonreduced  conditions  and  then 
transferred  to  Protran  nitrocellulose  membranes  (Schleicher  & 
Schuell,  Keene,  NH).  The  membranes  were  probed  with  MAbs. 
The  binding  of  the  primary  antibody  was  followed  by  recognition 
with  a  goat  anti-mouse  horseradish  peroxidase-conjugated  second¬ 
ary  antibody  (Jackson  ImmunoResearch  Laboratories,  West  Grove, 
PA),  and  detected  with  the  Western  Lightening  Chemilumines¬ 
cence  Reagent  Plus  (Perkin  Elmer,  Boston,  MA).  The  MAbs 
recognizing  matriptase  were  generated  against  conformation-de¬ 
pendent  epitopes,  and  therefore  samples  were  run  under  nonreduc¬ 
ing  SDS-PAGE  conditions  and  were  not  boiled  before  electro¬ 
phoresis  to  preserve  the  formation  of  complexes  between  active 
matriptase  and  HAI-1. 

Immunofluorescence  microscopy.  Cells  plated  onto  microcover 
glasses  were  fixed  in  3.7%  formaldehyde  in  PBS  for  20  min  at  room 
temperature.  Cells  were  permeabilized  by  0.05%  Triton  X-100  in 
PBS.  Matriptase  and  activated  matriptase  were  detected  with  Alexa 
Fluor  dye-labeled  M32  or  M69.  3-Catenin  was  detected  by  FITC- 
labeled  anti-p-catenin  MAb  (clone  14;  BD  Bioscience,  San  Jose,  CA). 
E-cadherin  was  detected  by  anti-E-cadherin  MAb  (clone  36;  BD 
Bioscience).  For  the  double  labeling  of  matriptase  and  E-cadherin, 
E-cadherin  MAb  was  used,  followed  by  FITC-labeled  anti-mouse  IgG 
and  then  Alexa  Fluor  594-conjugated  MAb  M32  in  PBS  containing 
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250  pg/ml  mouse  IgG  and  V/<  BSA.  Act  in  was  visualized  with  Texas 
red-conjugated  phalloidin  (Molecular  Probes),  and  nuclei  were  visu¬ 
alized  by  I) API  staining.  Cover  glasses  were  mounted  with  Prolong 
Antifade  (Molecular  Probes)  and  observed  on  a  Nikon  Eclipse  E600 
digital  fluorescence  microscope,  and  images  were  captured  with  the 
Metavue  software  package  for  the  Nikon  digital  microscope. 

RESULTS 

SIP  induces  accumulation  of  matriptase  at  cell-cell  con¬ 
tacts.  In  our  previous  studies  (3.  4).  SIP.  a  Ivsophospholipid 
present  in  scrum,  was  identified  as  a  blood-borne,  nonprotease 
factor  that  induces  the  activation  of  matriptase  in  immortalized 
human  mammary  epithelial  cells.  SIP  also  simultaneously 
causes  profound  changes  in  cell  morphology,  including  cell 
shape  changes,  increases  in  cell -cell  contacts,  and  cell  spread¬ 
ing.  These  SIP-induccd  morphological  changes  are  mainly 
associated  with  actin  cytoskeleton  rearrangement.  Formation 
of  F-aclin  at  cell  peripheries  (subcortical  actin  belt)  is  the  most 
striking  change  in  184  A1N4  cells.  Because  direct  interaction 


between  SIP  and  matriptase  is  not  the  mechanism  for  S IP- 
induced  matriptase  activation,  we  reasoned  that  matriptase 
activation  could  be  associated  with  these  SIP-induced  cellular 
events  and/or  signal  transduction  (4).  In  the  current  study,  we 
first  examined  the  subcellular  localization  of  matriptase  during 
the  process  of  its  activation.  After  growth  in  I  MEM  supple¬ 
mented  with  0.5#  serum  for  2  days,  matriptase  (as  the  latent 
form)  was  observed  at  cell-cell  contacts  as  well  as  within  cells 
(Figs.  1 A  and  2 B).  A  relatively  low  level  of  F-actin  was  also 
observed  at  cell-cell  borders  and  within  cells  (Fig.  1 B).  Ten 
minutes  after  exposure  to  S 1 P,  matriptase  increased  at  cell-cell 
contacts  (Figs.  ID  and  2D),  suggesting  that  SIP  induces  accu¬ 
mulation  of  matriptase  at  cell-cell  contacts.  Despite  accumu¬ 
lation  of  matriptase  at  cell-cell  contacts,  matriptase  was  ob¬ 
served  at  very  low  levels  or  was  absent  at  the  peripheries  of 
cells  without  contact  with  neighboring  cells  (Fig.  ID).  Figure 
1 G  shows  that  matriptase  is  absent  on  the  extended,  leading- 
edge  ruffle  of  an  isolated  cell,  but  matriptase  was  seen  at  small 
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Fig.  1.  Sphingosinc  I -phosphate  (SIP)  induces  translocation  of  matriptase  to  sites  of  cell-cell  contact.  Serum-starved  184  AIN4 
cells  were  stimulated  with  Iscove's  minimal  essential  medium  (IMEM)  (4-0  or  SIP  (50  ng/ml)  for  10  {D-E)  or  30  (G-/)  min. 
Cells  were  stained  for  actin  with  Texas  red-conjugated  phalloidin  {/>.  /:'.  and  H:  red),  for  total  matriptase  with  Alexa  Fluor 
488-conjugaled  monoclonal  antibody  (MAh)  M32  (A.  D.  and  G.  green),  and  for  nuclei  with  4\(vdiamklino-2-phenylindole  (DAPI; 
blue).  C.  /  '.  and  I  are  merged  images  of  A  with  H.  I)  with  E.  and  G  with  H.  respectively.  /  shows  that  matriptase  was  not  detected 
in  (he  cell  periphery  of  an  isolated  cell  {top  left  corner)  and  that  matriptase  was  seen  at  a  small  contact  area  where  a  long  cell  process 
from  1  cell  touched  at  another  ceil  in  a  cell  cluster.  Bars.  25  p-iii. 
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I 'in.  2.  The  onset  of  mairiptase  activation  induced  by  SIP.  Serum-starved  184  A1N4  cells  were  stinuilatcd  with  IMEM  (AC)  oi 
SIP  {SO  np/ml)  for  |()  min  (/)  }■').  (ells  were  stained  for  total  matriptase  with  Alc\a  Fluor  594-conj  u^ated  MAh  M3  2  {/>’  and  E\ 
red),  lor  activated  matriptase  with  Alexa  l  luor  4SS-eonjueated  MAh  M69  (A  and  /)i  ereen),  and  lor  nuclei  with  DAPI  (blue).  ( 
anti  i  are  merged  imaues  of  A  with  />  anti  l)  with  /•..  respectively.  Pars.  25  pan. 


contact  sites  on  cell  peripheries  touched  by  long  cellular 
processes  of  other  cells  (Fig.  1.  (I  and  /).  These  results  suggest 
that  cell-cell  contact  may  he  required  for  matriptase  to  stably 
reside  on  the  cell  surface.  A  parallel  change  in  act  in  cytoskel- 
etiil  structure  was  also  observed  in  response  to  SIP  treatment 
(bigs.  I,  />.  /:,  and  //,  and  3.  B  and  Formation  and 
accumulation  of  aelin  lilamenls  were  observed  at  cell  periph¬ 
eries,  mainly  at  cell-cell  contacts.  The  localization  of 
matriptase  at  cell-cell  contacts  closely  coincided  with  that  ol 
1  -act i n  (Fig.  1.  (\  /\  and  /). 

Kinetics  of  matriptase  activation  at  cell-cell  contacts.  We 
further  examined  the  appearance  and  the  localization  ol  acti¬ 
vated  matriptase  relative  to  total  matriptase  (Fig.  2)  and  to 
I  a  act  in  (Fig.  3)  in  184  A1N4  cells  at  different  time  intervals 
after  exposure  to  S  1  P.  After  growth  in  0.5M  serum  for  2  days. 
184  A  1  N4-  cells  do  not  express  activated  matriptase  (2 — 1-). 
Immunofluorescence  using  MAh  M69  that  recognizes  two- 
chain  matriptase  showed  only  nonspecific  staining,  with  weak, 
diffuse  staining  in  the  cytosol  (Fig.  24).  as  seen  in  the  control 
with  FTIX  a  labeled  secondary  antibody  alone  (data  not  shown). 
Ten  minutes  after  exposure  to  SIP.  activated  matriptase  was 
detected  mainly  as  liny  spots  (big.  2D)  and  the  total  matriptase 
accumulated  at  cell-cell  contacts  (Fig.  2/:j.  When  both  images 
were  merged,  activated  matriptase  was  clearly  colocalized  with 
total  mairiptase  at  cell-cell  contacts.  At  20  and  30  min.  acti¬ 
vated  matriptase  was  detected  more  brightly  and  in  elongated 
patterns  (big.  3.  4  and  D).  When  the  localization  of  activated 
mairiptase  was  compared  with  the  newly  formed  F-aclin  at  the 
cell  peripheries,  activated  matriptase  closely  coincided  with 
F-aelin  at  cell-cell  contacts  (big.  3.  C  and  /  ).  We  also  noted 
that  subcortical  act  in  belts  were  not  homogeneously  lormed 


around  the  periphery  of  cells.  More  F-actin  accumulated  at  the 
edges  of  cell-cell  contacts  (Fig.  3,  B  and  E).  Interestingly, 
activated  matriptase  was  detected  right  at  those  areas  where 
F-aclin  accumulated  the  most  (Fig.  3,  C  and  F).  At  30  min,  the 
staining  of  activated  matriptase  elongated  along  cell-cell  con¬ 
tacts  (Fig.  3/2)  and  more  F-aclin  accumulated  at  the  cell 
peripheries  (Fig.  3/:).  Additionally,  activated  matriptase,  like 
total  matriptase,  was  only  detected  at  sites  ol  cell-cell  contacts, 
for  example,  in  cell  clusters  (Figs.  2  and  3)  or  between  two 
cells  (Fig.  Ml). 

SIP  induces  assembly  of  adherens  junctions  in  mammary 
epithelial  cells .  Because  formation  of  subcortical  actin  belts 
at  adherens  junctions  is  induced  by  E-eadherin-mediated 
cell-cell  contact  formation  (I),  and  because  the  role  of  SIP 
in  adherens  junction  assembly  has  been  well  documented  in 
endothelial  cells  (12),  we  further  investigated  whether  SIP 
also  can  induce  adherens  junction  assembly  in  mammary 
epithelial  cells  and  whether  the  SIP-induced  accumulation 
of  matriptase  at  cell-cell  contacts  depends  on  adherens 
junction  assembly.  Given  that  extracellular  Ca2  !  is  required 
for  the  homolypic  binding  between  cadherin  molecules  on 
adjacent  cells,  we  modulated  the  availability  of  extracellular 
(’a2 1 .  in  combination  with  SIP,  to  investigate  whether  SIP 
can  induce  assembly  of  adherens  junctions.  184  AIN4  cells 
were  first  cultured  in  regular,  calcium-containing  (1.8  mM) 
medium  supplemented  with  i).5%  serum  for  2  days.  Alter 
the  cells  were  switched  to  calcium-free  medium  for  30  min, 
H-cadhcrin  was  detected  as  a  diffuse  pattern  in  cytosol,  and 
the  subcortical  actin  bell  was  not  observed  (Fig.  44).  When 
extracellular  Ca2  1  was  increased  to  1,000  piM,  in  the  ab¬ 
sence  of  SIP.  the  subcortical  actin  belt  and  E-cadherin 
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Fig.  3.  SIP  induces  activation  of  matriptase  at  cell-cell  contacts.  Serum-starved  1 84  AIN4  cells  were  stimulated  with  SIP  (50 
ng/ml)  for  20  (A-C)  or  30  (D-G)  min.  Cells  were  stained  for  aclin  with  Texas  red-conjugated  phalloidin  {B  and  E:  red)  and  for 
activated  matriptase  with  Alexa  Fluor  4SS-conjugated  MAh  M69  (A  and  f)\  green).  C  and  h  are  merged  images  ol  A  with  B  and 
I)  with  panel  /:.  respectively.  6\  a  merged  image  of  F-actin  (red)  and  activated  matriptase  (green,  but  appearing  yellow  because 
of  the  merge),  shows  that  activated  matriptase  was  detected  only  at  contact  sites  but  not  on  the  cellular  peripheries  without  contact 
with  other  cells.  Bars.  25  pm. 


began  to  appear  at  the  sites  of  cell-cell  contact,  but  at  very 
low  levels  (Fig.  4 A).  We  next  exposed  these  cells  to  SI  P  for 
30  min.  In  the  absence  of  extracellular  Ca2  f .  SIP  caused 
some  rounding  of  cells  (Fig.  4/i).  Likewise,  there  was  no 
translocation  of  E-cadherin  to  cell-cell  contacts  or  formation 
of  subcortical  actin  belts  (Fig.  4/i).  When  extracellular  Ca_ 
was  increased  to  100  and  1,000  |u.M.  SIP  induced  to  a 
greater  extent  translocation  of  E-cadherin  to  cell-cell  con¬ 
tacts  and  the  formation  of  subcortical  actin  belts  (Fig.  4/i). 
Although  low  levels  of  E-cadherin  were  seen  at  the  cell-cell 
contacts  when  184  A1N4  cells  were  grown  in  medium 
containing  adequate  extracellular  Ca2  ' .  in  the  absence  of 
SIP,  this  cell-cell  adhesion  E-cadherin  failed  to  resist  the 
extraction  of  cells  with  a  cytoskeletal  stabilizing  buffer 
containing  0.5%  Triton  X-100  (Fig.  5).  In  contrast.  SIP 
induced  assembly  of  strong  adherens  junctions,  which  were 
resistant  to  a  wash  with  0.5%  Triton  X-100  (Fig.  5).  These 
data  suggest  that  SIP  can  induce  adherens  junction  assem¬ 
bly  in  mammary  epithelial  cells,  as  it  does  in  endothelial 
cells.  In  contrast  to  E-cadherin.  although  matriptase  accu¬ 
mulated  at  cell-cell  contacts  in  response  to  SIP  treatment, 
the  protease  was  washed  away  by  0.5%  Triton  X-100  (Fig. 
5).  These  observations  suggest  that  although  matriptase 


localization  was  coincident  with  that  of  E-cadherin,  at 
cell-cell  contacts  the  protease  may  not  be  incorporated  into 
the  tightly  bound  E-cadherin  plaques. 

Adherens  junction  assembly  and  subcortical  actin  belt  for¬ 
mation  are  required  for  matriptase  accumulation  and  activa¬ 
tion  at  cell-cell  contacts.  The  concurrence  of  matriptase 
accumulation  and  activation  at  cell-cell  contacts,  adherens 
junction  assembly,  and  subcortical  actin  belt  formation 
suggests  a  potential  functional  relationship  between  these 
S IP-induced  events.  Therefore,  we  investigated  further 
whether  prevention  of  subcortical  actin  belt  formation  by 
disruption  of  F-actin  polymerization  and  prevention  of  ad¬ 
herens  junction  assembly  by  prevention  of  homotypic  bind¬ 
ing  of  E-cadherin  each  affect  the  accumulation  and  activa¬ 
tion  of  matriptase.  The  pharmacological  agents  latrunculin 
B  and  cytochalasin  D  (which  can  inhibit  actin  polymeriza¬ 
tion  and  disrupt  microfilament  organization)  abolished  S IP- 
induced  activation  of  matriptase  (Fig.  6).  Both  latrunculin  B 
(Fig.  6.  lanes  2  and  3)  and  cytochalasin  D  (Fig.  6,  lane  7), 
but  not  nocodazole  (Fig.  6,  lane  5),  an  inhibitor  of  micro¬ 
tubule  polymerization,  completely  inhibited  SIP-induced 
matriptase  activation.  Immunofiuorescent  staining  further 
revealed  that  cytochalasin  D  (Fig.  7)  and  latrunculin  B  (data 
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Fig.  5.  E-cadherin,  but  not  matriptase.  at  adherens  junctions  resists  extraction  with  Triton  X-100.  Serum-starved  184  AIN4  cells 
were  stimulated  with  IMEM  (A-C)  or  SIP  (50  ng/ml)  for  30  min  ( D-F ).  Cells  were  extracted  by  cyloskeletal  stabilizing  buff  or  (in 
mM:  10  HEPES.  250  sucrose.  150  KC1.  1  EOT  A.  and  3  MgCU  with  0.5U  Triton  X-100.  pH  7.4”)  on  ice  for  10  min.  Cells  were 
stained  for  E-cadherin  with  anti-E-cadherin  MAb  and  then  FITC-conjugated  anti-mouse  IgG  (green),  for  total  matriptase  with  Alexa 
Fluor  594-con jugated  MAb  M32  (red),  and  for  nuclei  with  DAPI  (blue). 


not  shown)  prevented  not  only  formation  of  subcortical 
actin  belt  and  assembly  of  adherens  junction  but  also  accu¬ 
mulation  of  matriptase  to  cell  peripheries. 

We  further  modulated  the  availability  of  extracellular  Ca2+, 
in  combination  with  SIP,  to  examine  the  effects  of  adherens 
junction  assembly  on  matriptase  accumulation  at  cell-cell  con¬ 
tacts.  When  184  A1N4  cells  were  cultured  in  medium  contain¬ 
ing  10  |jlM  Ca2'*',  SIP  failed  to  induce  translocation  and 
accumulation  of  matriptase  at  cell-cell  contacts  or  p-catenin, 
an  adherens  junction  marker  protein  (Fig.  8).  When  extracel¬ 
lular  Ca2_t  to  was  increased  1,000  |xM,  in  the  absence  of  SIP. 
low  levels  of  matriptase  and  p-catenin  were  observed  at  cell¬ 
cell  contacts.  When  these  cells  were  exposed  to  SIP.  both 
matriptase  and  p-catenin  significantly  accumulated  at  cell-cell 
contacts  (Fig.  8).  In  addition  to  preventing  the  accumulation  of 
matriptase  at  cell-cell  contacts,  removal  of  extracellular  Ca2~ 
was  shown  to  abrogate  SIP-induced  matriptase  activation  (4). 


These  data  suggest  that  SIP-induced  assembly  of  adherens 
junctions  is  required  for  SIP-induced  accumulation  and  acti¬ 
vation  of  matriptase  at  cell-cell  contacts. 

MAb  M32 ,  which  is  directed  against  matriptase  LDLR  class 
A  domain  II L  inhibits  SIP-induced  matriptase  activation  but 
not  SIP-induced  actin  cytoskeletal  rearrangement.  In  our  pre¬ 
vious  study  (23).  the  intact  LDLR  class  A  domains  of 
matriptase  were  shown  to  be  required  for  matriptase  activation 
in  breast  cancer  cells.  This  observation  is  consistent  with  the 
hypothesis  that  matriptase  activation  is  carried  out  by  transac¬ 
tivation.  which  could  require  complex  protein-protein  interac¬ 
tions  among  matriptase  zymogens  and  other  unidentified  mol¬ 
ecules.  Alterations  at  the  calcium  cages  in  LDLR  class  A 
domains  of  matriptase  by  site-directed  point  mutation  abol¬ 
ished  matriptase  activation  in  breast  cancer  cells  (23).  Interest¬ 
ingly,  this  alteration  in  LDLR  class  A  domain  III  also  de¬ 
stroyed  the  epitope  recognized  by  the  anti-matriptase  MAb 


kDa 


Activated  matriptase 
2  3  4  5  6  7 


Total  Matriptase 
2  3  4  5  6  7 


220- 


97.4- 


66- 


46- 


30- 


Eig.  6.  Latrunculin  B  and  eyloehalasin  D  impair  SIP-induced 
activation  of  matriptase.  Serum-starved  184  AIN4  cells  were 
pretreated  for  30  min  with  the  DM  SO  vehicle  {lane  /),  latrun- 
eulin  B  (1  fiM.  lane  2:  0.1  jjlM.  lane  3:  0.01  jjiM.  lane  4 ),  10 
jxM  nocodazole  (lane  5).  or  eyloehalasin  D  (0.01  jxM,  lane  6; 
0. 1  pM.  lane  7)  and  then  stimulated  for  30  min  with  50  ng/mi 
SIP.  Equal  amounts  of  total  cell  lysates  were  analyzed  by 
Western  blotting  with  MAb  M69.  directed  against  activated 
matriptase.  or  MAb  M32.  directed  against  total  matriptase.  The 
activated  matriptase  was  detected  in  its  noncomplexed  form. 
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Fig.  9.  Hpilope  mapping  for  anti-matriptase  MAh  M32.  BT349  breast  cancer 
cells  were  iransfceled  with  control  peI)NA3.1  vector  (Control),  both 
matriptase  and  hepatoeyte  growth  factor  (HOP)  activator  inhibitor  1  (HA1-I) 
cDNAs  simultaneously  (Mat/HAM).  or  with  matriptase  containing  mutations 
in  the  low-density  lipoprotein  (LDL)  receptor  class  A  domain  (D4X2Y  Mat. 
D3I9Y  Mat.  D333Y  Mat.  D39KY  Mat)  together  with  I  I A 1  - 1  as  indicated.  Total 
matriptase  was  detected  by  Western  blotting  with  MAb  M32  {top)  and  MAb 
MX4  (middle'),  both  of  which  recognize  total  (latent  4-  activated)  matriptase. 
Both  MAbs  recognize  the  120-kDa  matriptase-UAI-1  complex,  the  70-kDa 
processed  form,  and  the  93-kDa  full-length  matriptase.  The  93-kDa  full-length 
matriptase  was  delected  at  a  relatively  higher  level  in  the  forced  expression 
system  but  was  not  delected  or  was  detected  at  a  very  low  level  in  those  cells 
that  endogenously  express  matriptase.  The  epitope  recognized  by  MAb  M32 
was  destroyed  in  1)33 5 Y  matriptase.  Activated  matriptase  was  detected  by 
using  MAb  M69,  mainly  as  a  120-kDa  malriptase-HAI-1  complex  (bottom). 


DISCUSSION 

In  this  study  wc  describe  a  series  of  SIP-induced  cellular 
events  leading  to  matriptase  activation  in  immortalized  mam¬ 
mary  epithelial  cells.  Our  findings  indicate  that,  rather  than 
being  directly  engaged  and  activated  around  the  peripheries  of 
cells  and  within  cells,  matriptase  accumulates  at  cell-cell  con¬ 
tacts  soon  after  exposure  to  SIP.  The  onset  of  matriptase 
activation  occurs  at  small  areas  of  cell -cell  contacts  and  then 
extends  along  cell-cell  contacts.  Accumulation  of  latent 
matriptase  at  cell-cell  contacts  occurs  in  response  to  SIP 
treatment  and  appears  to  be  prerequisite  for  matriptase  activa¬ 
tion.  This  accumulation  of  matriptase  at  cell-cell  contacts  could 
result  from  movement  of  intracellular  and  perijunctional 
matriptase.  In  response  to  SIP.  assembly  of  E-cadherin-mcdi- 
aled  cell-cell  adhesion  and  formation  of  subcortical  actin  belt 
are  required  for  matriptase  translocation  to  and  accumulation  at 
cell-cell  contacts  and  its  subsequent  activation.  The  coupling  of 
matriptase  activation  to  actin  cytoskclctal  rearrangement  and 
formation  of  stable  adherens  junctions  may  ensure  the  restric¬ 
tion  of  the  proteolytic  activity  of  matriptase  to  cell-cell  con¬ 
tacts.  Thus  the  cell-cell  contacts  could  be  the  functional  loca¬ 
tion  of  matriptase  in  immortal  mammary  epithelial  cells. 

The  identification  of  cell-cell  contacts  as  the  functional 
location  of  matriptase  in  immortalized  mammary  epithelial 
cells  is  in  contrast  to  its  localization  in  breast  cancer  cells.  In 
T-47D  breast  cancer  cells,  matriptase  was  detected  at  cell 
peripheries  (17),  as  in  184  AIN4  mammary  epithelial  cells. 
However,  in  T-47D  cells  the  protease  was  detected  on  cell 
surfaces  in  isolated  breast  cancer  cells  as  well  as  on  outer  cell 
surfaces  in  cell  clusters  (17).  Notably,  in  cancer  cells,  the 


protease  is  concentrated  on  membrane  ruffles,  suggesting  that 
T-47D  breast  cancer  cells  could  convert  a  physiological  "cell 
junction  protease"  to  a  potential  cancer  ‘‘invasion  protease." 
Matriptase.  expressed  in  cancer  cells,  could  recruit  and  activate 
uPA.  an  important  extracellular  matrix -degrading  protease,  and 
HGF,  a  prominent  cell  motility  factor,  to  invasive  cell  edges 
( 14,  26).  Furthermore,  the  accumulation  of  activated  matriptase 
on  membrane  ruffles  was  significantly  increased  by  epidermal 
growth  factor  (EGF)  (3).  Besides  its  role  in  growth  regulation, 
EGF  has  been  implicated  in  cell  motility  and  potentially  in 
cancer  invasion  and  metastasis  (30).  In  MCF-7  breast  cancer 
cells,  the  activated  matriptase  was  also  detected  within  cells, 
suggesting  an  intracellular  activation  or  an  active  internaliza¬ 
tion  of  the  protease.  Furthermore,  in  contrast  to  immortalized 
mammary  epithelial  cells,  which  depend  on  SIP  for  matriptase 
activation,  breast  cancer  cells  have  developed  an  autonomous 
mechanism  to  const itutively  activate  matriptase  regardless  of 
the  presence  of  SIP  (3).  Therefore,  breast  cancer  cells  could 
deregulate  matriptase.  with  respect  to  both  its  subcel  lular 
localization  and  its  activation. 

In  our  previous  study  (23),  we  showed  that  activation  of 
matriptase  is  likely  to  be  carried  out  by  transactivation,  an 
unconventional  mechanism  for  serine  protease  activation 
whereby  a  matriptase  zymogen  molecule  could  interact  with 
and  cleave  (activate)  another  matriptase  zymogen  molecule. 
We  have  proposed  that  transactivation  could  occur  in  an 
activation  complex  that  contains  matriptase  zymogen  mole¬ 
cules  and  other  yet  unidentified  proteins.  Because  the  LDL 
receptor  class  A  domains  and  /V-glycosylation  of  the  protease 
at  its  CUB  domain  and  serine  protease  domain  are  required  for 
its  activation,  these  structural  requirements  for  matriptase  ac¬ 
tivation  could  result  from  the  protein-protein  interactions  in 
this  proposed  activation  complex  (23).  However,  how  the 
transactivation  is  regulated  in  immortalized  mammary  epithe¬ 
lial  cells  and  why  breast  cancer  cells  constitutivcly  activate 
matriptase  remain  largely  unknown.  In  this  study,  we  have 
shown  that  SIP  induces  accumulation  of  matriptase  at  cell-cell 
contacts  (Fig.  1 )  and  that  activation  of  matriptase  may  begin  at 
tiny  areas  of  cell-cell  contact,  presumably  signifying  activation 
centers  (Fig.  2).  Activation  then  spreads  along  cell-cell  con¬ 
tacts  (Fig.  3).  It  is  likely  that  SIP  could  also  translocate  other 
required  components  for  matriptase  transactivation  to  those 
activation  centers,  for  the  onset  of  matriptase  activation.  After 
initial  activation  of  matriptase,  there  may  be  two  possible 
mechanisms  for  its  further  activation:  transactivation  and  acti¬ 
vation  of  matriptase  by  newly  active  matriptase  along  the 
cell-cell  contacts,  where  matriptase  zymogen  has  accumulated. 

Among  the  SIP  downstream  effectors,  matriptase  may  be 
unique.  The  functional  locations  of  other  SIP  downstream 
effectors  are  either  in  the  cytosol,  as  for  adenylate  cyclase 
and  ERK2  MAP  kinase,  or  on  the  cytoplasmic  face  of  the 
plasma  membrane,  as  for  Rho  family  GTPascs.  The  bulk  of 
matriptase  molecules,  including  their  serine  protease  do¬ 
mains,  are  located  at  the  exoplasmic  face  of  the  plasma 
membrane  (17).  Therefore,  matriptase  could  act  on  its  sub¬ 
strates  at  the  extracellular  face  of  cell-cell  junctions.  Three 
protein  substrates  of  matriptase  in  vitro  have  been  identified 
to  date.  These  are  HGF,  uPA,  and  the  protease-activated 
receptor- 2  (PAR-2)  (14,  26).  List  et  al.  (18)  suggested  that 
the  defects  in  epidermal  barrier  function,  hair  follicle  dc- 
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